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We report on the investigation of the surface morphology and DC conductivity of nanostructured layer-
by-layer (LbL) ﬁlms from nickel tetrasulfonated phthalocyanine (NiTsPc) alternated with either multi-
walled carbon nanotubes (MWNTs/NiTsPc) or multi-walled carbon nanotubes dispersed in chitosan
(MWNTs + Ch/NiTsPc). We have explored the surface morphology of the ﬁlms by using fractal concepts
and dynamic scale laws. The MWNTs/NiTsPc LbL ﬁlms were found to have a fractal dimension of ca. 2,
indicating a quasi Euclidean surface. MWNTs + Ch/NiTsPc LbL ﬁlms are described by the Lai–Das
Sarma–Villain (LDV) model, which predicts the deposition of particles and their subsequent relaxation.
An increase in the wetting contact angle of MWNTs + Ch/NiTsPc LbL ﬁlms was observed, as compared
with MWNTs/NiTsPc LbL ﬁlms, which presented an increase in the fractal dimension of the ﬁrst system.
Room temperature conductivities were found be ca. 0.45 S/cm for MWNTs/NiTsPc and 1.35 S/cm for
MWNTs + Ch/NiTsPc.
 2011 Elsevier Inc. Open access under the Elsevier OA license. 1. Introduction
The development of heterostructures for application in molecu-
lar electronics/optoelectronics has attracted attention to the pro-
duction of devices such as optical switches, sensors, and
electrodes from conductive ﬁlms [1]. Important requirements of
the preparation of such ﬁlms are controlled thickness and molecu-
lar organization. The fabrication of ultrathin ﬁlms (dimensions of
nanometers) more speciﬁcally has the additional advantage of
allowing structural control. Among the fabrication techniques
of thin polymeric ﬁlms, the Langmuir–Blodgett (LB) and layer-by-
layer self-assembly (LbL) techniques have deserved special atten-
tion as they allow the fabrication of structures with a high degree
of organization and the control of thickness on the order of ang-
stroms [2]. The LbL technique by physical adsorption, which was
proposed by Decher [3,4], is an alternative to the Langmuir–Blodg-
ett technique. The process of formation of multilayers is based on
the attraction of opposite charges and thus requires at least two
molecules with opposite charges. Through this process it is possi-
ble to construct heterostructures with complex molecular architec-
ture and thickness control at the molecular level. The potential of
this technique is illustrated by the wide variety of materials thatevier OA license. have been developed, such as polyelectrolytes [4], polymers [5],
polymers with dyes [6], biological materials [7], and ceramic mate-
rials [8].
A very interesting kind of organic material is phthalocyanine,
which has been widely used in LbL ﬁlms [9–11]. The sulfonation
of the phthalocyanine ring results in tetrasulfonated phthalocya-
nines (TsPc), which are more soluble in polar solvents such as
water, and thus allow their application in the production of ﬁlms
by the LbL technique for use as sensors [12]. Another kind of much
studied materials nowadays is carbon nanostructures [13–15],
which are the most promising materials for use in functionalized
thin ﬁlms because of their physical properties, such as high electri-
cal conductivity [16–20]. The preparation of uniform carbon nano-
tube composite ﬁlms is difﬁcult because carbon nanotubes have
poor solubility in the usual solvents. One approach to solve this
problem is the preparation of polymer dispersions with MWNTs
[16]. Chitosan, a water-soluble polyelectrolyte derived by the
partial deacetylation of chitin [21], is used to make a dispersion
solution with MWNTs. Due to its excellent ﬁlm-forming and adhe-
sion abilities, nontoxicity, and biocompatibility, it has been studied
for application as biomedical materials, matrixes for the immobili-
zation of proteins, enzymes, and cells, and as drug delivery carriers
[22–25].
In this work, we report on the preparation of LbL ﬁlms from
nickel tetrasulfonated phthalocyanines (NiTsPc) alternated with
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(Ch) solution. We have investigated the aggregation, surface mor-
phology, wettability, and conductivity properties of the prepared
ﬁlms.2. Materials and methods
Nickel tetrasulfonated phthalocyanine and chitosan (200,000
Cps of viscosity) were purchased from Aldrich Co. and used as
received. Multi-walled carbon nanotubes functionalized with car-
boxylic groups were obtained from Timesnano. A NiTsPc solution
was prepared to a concentration of 0.5 g/L by dissolution in ultra-
pure water. The pH of the NiTsPc and the rinsing solutions were
adjusted to 7.5 by adding an ammonium hydroxide solution. The
ﬁlms were adsorbed on BK7 optical glass (36 mm  14 mm 
1 mm) which was rendered hydrophilic in a 3:7 mixture of 30%
hydrogen peroxide (H2O2)/concentrated sulfuric acid (H2SO4). The
slides were rinsed with pure water and then further cleaned in a
solution containing ultrapure water, H2O2, and ammonium
hydroxide (NH4OH) in a ratio of 5:1:1 (v/v). BK7 was chosen be-
cause of its negligible absorbance in the visible region and its ﬁnely
polished surface [26].
To build the multilayers, NiTsPc was alternated with 6.5 g/L
chitosan diluted in a 1% acetic acid solution. The pH of the chitosan
solution was 3. The ﬁnal chitosan solution was completely clear.
The rinsing solution was ultrapure water with pH adjusted to 3.
The MWNTs solution was obtained by adding 500 mg of MWNTs
in 30 mL of water under ultra-sonication for 1 h, followed by
30 min of centrifugation. The supernatant of the MWNTs solution
(5 mL) was used with 15 mL of a chitosan solution in order to ob-
tain the MWNTs + Ch dispersion.
The experimental ﬁlm fabrication procedures are essentially the
same as those described by Decher [3,4]. The adsorption of NiTsPc
was monitored by measuring the UV–Vis absorption spectra with a
double-beam Thermo Scientiﬁc spectrophotometer model Genesys
10. The morphology of the LbL ﬁlms was studied with a NanoSurf
Instruments atomic force microscope EasyScan II in the tapping
mode (512  512 pixels) under ambient conditions. A sample area1 2 3 4
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Fig. 1. Absorbance at 615 nm versus number of layers for MWNTs/NiTsPc and MWN
measurements of three ﬁlms fabricated under identical conditions. The inset shows theof 10 lm2 was scanned and an image was acquired. Film roughness
was determined using the NANOSURF Instruments software
The contact angle was measured with a homemade instrument
in ambient conditions. Deionized water droplets (volume of 5 lL)
were gently placed onto the ﬁlm surfaces and the average values
measured at six different locations of each sample were taken.
For conductivity measurements, interdigitated electrodes from
gold were employed, which were prepared by photolithography.
This kind of electrode conﬁguration is like a capacitor of parallel
plates, in which each set of electrodes play the role of one plate
of the capacitor [8]. Then, the conductivity was calculated by using
the relation:
r ¼ J
E
¼ I=A
V=d
¼ I
V
d
ð2n 1Þlh ; ð1Þ
where J is the current density, E is the electrical ﬁeld, I is the current,
V the applied voltage, A is the cross-section area, d is the electrode
spacing, n is the number of electrodes pairs (number of channels be-
tween the electrodes), l is the overlap length, and h is the height [9].
The parameters of interdigitated electrodes were d = 100 lm,
l = 8.0 mm, and h = 100 nm, and n = 25, respectively. The electrical
current, I, was measured by using an electrometer (Phywe 6517)
and a power supply (EA-PS 20032-050). For all measurements, the
voltage was kept constant at 10.0 V and carried out under room
temperature.3. Results and discussion
3.1. Molecular aggregation
The NiTsPc absorbs in the visible region, which makes the UV–
Vis spectroscopy technique a powerful tool in the investigation of
adsorption kinetics during the growth of ﬁlms. The NiTsPc solution
shows a peak at 620 nm associated with dimers and a shoulder in
the region from 650 to 660 nm associated with NiTsPc monomers.
Both absorptions are assigned to p–p electronic transitions [27].
Fig. 1 shows an inset with the spectra of NiTsPc solution,
MWNTs/NiTsPc, and MWNTs + Ch/NiTsPc ﬁlms. The spectra found
in our study are essentially the same as those found in the5 6 7 8
of Bilayers
 MWNTs+Ch/NiTsPc
 MWNTs/NiTsPc
Ts + Ch/NiTsPc LbL ﬁlms on BK7 glass. Each experimental point is the average of
UV–Vis spectra of the NiTsPc solution and the LbL ﬁlms.
Fig. 2. AFM images of (a) MWNTs/NiTsPc and (b) MWNTs + Ch/NiTsPc ﬁlms with NiTsPc atop. Cross-section height proﬁles of the ﬁlms showing the different morphology
characteristics (c and d).
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length kmax of NiTsPc molecules appears at 620 nm in aqueous
solution (solid line) and 615 nm in LbL ﬁlms. These results reveal
a kmax shift (Dk = 5 nm) to blue (hypsochromic shift) for the LbL
ﬁlm in relation to the NiTsPc aqueous solution. According to the
exciton theory, this kmax shift to blue indicates that the dye mole-
cules join in
H-aggregates with parallel transition dipoles [28]. When the dye
molecules in the solution phase are transferred to a solid surface,
molecular aggregation may occur, which is observable as a solid
phase UV–Vis spectrum shift when compared to spectra of the
solution phase [6,29].
A linear increase in the absorbance at 615 nm was observed,
suggesting that the same amount of material was adsorbed in each
deposition cycle. Moreover, the linear ﬁlm growth of the ﬁrst
bilayer indicates that for this kind of LbL ﬁlm, the inﬂuence of
the substrate on the measurements is negligible [26]. A weak elec-
trolyte only suffers the effects of the substrate from the sixth
bilayer in [26,30].3.2. Surface morphology and wettability
Fig. 2 shows AFM images and height proﬁles of 8-bilayer LbL
ﬁlms from MWNTs/NiTsPc and MWNTs + Ch/NiTsPc, in which the
top layer is NiTsPc. The images were taken in a scan window of
10 lm  10 lm. A clear structure characteristic of columnargrowth [31–34] can be identiﬁed in the analysis of the height
proﬁles (Fig. 2c) of the surface of the MWNTs/NiTsPc ﬁlm. The
AFM results (provided as supplementary data) did indicate that
the incorporation of chitosan causes an appreciable increase in
the height of the columns and produces a decrease in the number
of domains, which become greater, as shown in Fig. 2d.
The interface formation process which determines the ﬁlm sur-
face morphology can be investigated by using the fractal concepts
and dynamic scaling laws [26,30,31]. The formation of interfaces is
inﬂuenced by several factors; however, some basic laws determine
their morphology and growth dynamic, which can be described in
microscopic detail through discrete growth models. The interface
morphology and its formation kinetics depend on the surface
roughness and fractal dimension, and on the critical exponents.
The critical exponents of roughness, a, and growth, b, are associ-
ated with scaling laws, which permit describing the whole process
[31]. Models for forming surfaces take into account scaling laws
and statistical concepts related to the distribution of heights. The
scaling laws seek to describe the evolution of the surface morphol-
ogy of a sample according to two main parameters: the time of
formation of the surface and the size of the observation window
used [31]. Regardless of the knowledge of the saturation time of
the system, the roughness exponent is related to the fractal dimen-
sion of the surface, Df, by
Df ¼ 3 a: ð2Þ
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Fig. 3. Log–log plot of RMS roughness (W) versus the size of the scan window (L) for (a) an 8-bilayer MWNTs/NiTsPc LbL ﬁlm and (b) an 8-bilayer MWNTs + Ch/NiTsPc LbL
ﬁlm. Optical images show the shape of the water droplets on each ﬁlm surface.
Table 1
Data obtained from morphology analyses and contact angle measurements for
MWNTs/NiTsPc and MWNTs + Ch/NiTsPc LbL ﬁlms.
System RMS (nm) (L = 10 nm) a Df hc ()
MWNTs/NiTsPc 37.6 0.83 2.17 ± 0.06 56.8 ± 0.2
MWNTs + Ch/NiTsPc 64.8 0.64 2.36 ± 0.03 112.2 ± 0.5
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dimension, without the system being in the regime of saturation,
hence the advantage of characterizing surfaces using the experi-
mental calculation of fractal dimension.
In this work, we used the dynamic scaling theory to obtain the
roughness exponents and fractal dimension. Fig. 3 shows the logW
versus log L plot, where W is the root-mean-square (RMS) rough-
ness and L is the size of the scan window for (a) 8-bilayer
MWNTs/NiTsPc and (b) 8-bilayer MWNTs + Ch/NiTsPc ﬁlms. The
RMS roughness W is taken as a function of the scanning window
size, L, in the form W(L) / La, where a is independent of the units
employed for the lateral dimension L [31]. The exponent a should
be calculated when the roughness has already reached saturation,
as in Fig. 3. The slopes in the log W  log L plots correspond to the
roughness exponents (a) given in Table 1 along with the fractal
dimensions (Eq. (2)).
For MWNTs/NiTsPc LbL ﬁlms, the roughness exponent is about
0.8 (Table 1), and using the relation to fractal dimension (Eq. (2)),
we found Df  2, which is consistent with a quasi-Euclidian surface
associated with a ﬁlm with a relatively ﬂat surface [35]. This value
is comparable to results from the literature for other systems
[32,36–38]. It is reasonable to assume that the molecular aggrega-
tion of this system, as suggested by the UV–Vis results (Fig. 1), is
followed by a rearrangement of the adsorbed molecules [38],
which minimizes the irregularities arising from their random
deposition and thus provides a less rough structure [39]. For the
MWNTs + Ch/NiTsPc LbL ﬁlm, the surface may be described with
the Lai–Das Sarma–Villain (LDV) equation [40–42]:
@hðx; tÞ
@t
¼ mr4hþ kr2ðrhÞ2 þ gðx; tÞ; ð3Þ
where h is the height, k is a surface tension dependent coefﬁcient,
mr4h accounts for smoothening by surface diffusion, kr2ðrhÞ2 cor-
responds to the situation when the particles deposited at higher
levels (peak) relax and bind at lower levels (valleys), and g de-
scribes the random ﬂuctuation (noise) in the deposition process.
LDV is one of the models to describe stochastic formation of an
interface, which can be related to the surface growth of a ﬁlm.
According to simulation [41] and experimental data [42], an a of
ca. 0.66 should be obtained for systems obeying the LDV model,
which predicts deposition of particles accompanied by subsequent
relaxation. Since the exponent a found for our system was ca. 0.6
(Table 1), this model provides a good description of the deposition
process of NiTsPc molecules (assumed as particles) that occurs
during the formation of the MWNTs + Ch/NiTsPc LbL ﬁlms.
Some studies suggest a strong connection between surface
morphology (particularly roughness) and wettability [43,44].Wettability is an important characteristic when the surface is used
for biomedical applications such as sensor devices. To establish the
relationship between the surface morphology (deﬁned by Df) and
the wetting (deﬁned by hc) behavior of our ﬁlms, we measured
the contact angle, the values of which are shown in Table 1. An in-
crease in the contact angle accompanied by an increase in fractal
dimension for the MWNTs + Ch/NiTsPc ﬁlms when compared to
MWNTs/NiTsPc ﬁlms can be noted. It is currently well accepted
that the two main factors that determine the value of the contact
angle are the chemical composition of material and the surface
morphology [44]. Since in our ﬁlms the top layer is always com-
posed of NiTsPc, the variation observed in contact angles can be
caused by the different surface morphologies of the ﬁlms, as shown
by morphology analysis. In Table 1, when Df  2, which suggests an
approximately planar surface for the MWNTs/NiTsPc LbL ﬁlms, the
contact angle is ca. 57, which characterizes a hydrophilic surface
[45], and in the case of MWNTs + Ch/NiTsPc ﬁlms, it is possible
to achieve a hydrophobic surface (hc  112). For MWNTs + Ch/NiT-
sPc ﬁlms the surface is formed by aggregates (larger than those
found for the MWNTs/NiTsPc ﬁlms) that can be associated with
structures like pillars and holes [46,47]. The water drop sits on
the roughness peak, i.e. the drop hangs between pillars in the ﬁlm
as suggested by Patankar and coworkers [46,47].3.3. Electrical conductivity
To gain insight into the DC electrical conduction mechanisms of
LbL ﬁlms, we measured the DC electrical conductivity of the ﬁlms
as a function of the temperature. The room temperature conductiv-
ity for 26 bilayers of MWNTs/NiTsPc and MWNTs + Ch/NiTsPc ﬁlms
were found to be ca. 0.45 and 1.35 S/cm, respectively. The conduc-
tivity values found here are close to those reported in the literature
for LbL ﬁlms from PVA/SWNTs + PSS ﬁlm composites, which had
conductivities from 1 to 10 S/cm [18]. However, they were higher
than those of other polymer-SWNT composites with conductivities
of 104 S/cm [48]. The increase in the conductivity of MWNTs +
Ch/NiTsPc can be explained by the increase in the impurity
concentration, which forms localized states (traps) in the Ch
J.B. Brito et al. / Journal of Colloid and Interface Science 367 (2012) 467–471 471through which the charge carriers can move by the hopping mech-
anism [18].
4. Conclusion
Nanostructured ﬁlms from NiTsPc alternated with either
MWNTs (MWNTs/NiTsPc) or mixed chitosan and multi-walled
nanotubes (MWNT + Ch/NiTsPc) have been deposited by the
layer-by-layer self-assembly (LbL) technique. UV–Vis spectroscopy
showed the existence of H-aggregates in the two kinds of ﬁlms.
Surface morphology was investigated by using fractal concepts
and dynamic scale laws. This approach reveled that the MWNTs/
NiTsPc LbL ﬁlms follow a quasi Euclidean surface with a fractal
dimension of ca. 2, whereas the MWNTs + Ch/NiTsPc LbL ﬁlms
presented ca. 2.4. This latter value was found from the roughness
exponent a = 0.64, which is associated with the Lai–Das Sarma–
Villain (LDV) model. This model predicts deposition of particles
accompanied by subsequent relaxation. We have found that the
highest wetting contact angle presented by the MWNTs + Ch/NiT-
sPc LbL ﬁlms is comparable to those of MWNTs/NiTsPc LbL ﬁlms
as a result of the increase in fractal dimension of the ﬁrst system.
Regarding the investigation of conductivity, the room temperature
conductivity was found to be ca. 0.45 and 1.35 S/cm for MWNTs/
NiTsPc and MWNTs + Ch/NiTsPc, respectively. The proposition of
using nanotubes dispersed in chitosan both solves the problem of
nanotube solubility and generates ﬁlms with surfaces with greater
fractality. Rough ﬁlms may be advantageous for sensors that
require a large surface area.
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Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jcis.2011.10.004.
AFM images and height proﬁle of 7 bilayer LbL ﬁlms from
MWNTs/NiTsPc and MWNTs + Ch/NiTsPc, in which the top layer
is MWNTs or MWNTs + Ch, conﬁrming the morphological change
due to the incorporation of chitosan.
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